Neutrinos of astrophysical origin are messengers produced in stars, in explosive phenomena like core-collapse supernovae, in the accretion disks around black holes, or in the Earth's atmosphere. Their fluxes and spectra encode information on the environments that produce them. Such fluxes are modified in characteristic ways when neutrinos traverse a medium. Here our current understanding of neutrino flavour conversion in media is summarized. The importance of this domain for astrophysical observations is emphasized. Examples are given of the fundamental properties that astrophysical neutrinos have uncovered, or might reveal in the future.
I. INTRODUCTION
R. Davis' pioneering measurement of electron neutrinos emitted by the sun has opened the era of neutrino astronomy [1] . A significant deficit, compared to the standard solar model predictions, was rapidly measured, triggering several decades of experiments of solar neutrino experiments [2] [3] [4] [5] [6] to investigate, if unknown neutrino properties, or solar model uncertainties [7] [8] [9] [10] , were at its origin. Electron antineutrinos produced by a massive star were first detected during the SN1987A explosion. A burst was first seen in Kamiokande, the electron direction pointing to the Large Magellanic Cloud at 50 kpc from the Milky Way. The occurrence probability of having 9 events per 10 seconds was determined to be less than 5.7 ×10 −8 [11] . Altogether the Kamiokande, IMB, Baksan and Mont Blanc detectors observed about twenty events [12] [13] [14] [15] , in the 40 MeV energy range during 13 seconds (Figure 1 ). Their angular dependence and energy distribution are reasonably consistent with expectations from core-collapse supernova simulations (see e.g. [16] for a recent analysis). The detection of these events constitute the first experimental confirmation of the predictions from supernova simulation. In 2002, R. Davis and M. Koshiba were awarded the Nobel Prize, for "pioneering contributions to astrophysics, in particular for the detection of cosmic neutrinos". The prize was shared with R. Giacconi for "for pioneering contributions to astrophysics, which have led to the discovery of cosmic Xray sources". At the same epoch of the solar puzzle, experiments searching for proton decay were measuring an anomaly in the atmospheric neutrino background [17] [18] [19] [20] [21] [22] . In 1998 the discovery of neutrino oscillations by the * volpe@apc.univ-paris7.fr
FIG. 1.
Electron anti-neutrino events measured by the Kamiokande, Baksan, IMB and LSD experiments during the supernova 1987A, in the Large Magellanic Cloud [11] .
Super-Kamiokande experiment solved the atmospheric anomaly and brought a milestone in the solution of the "solar neutrino deficit" problem [23] . In fact, a deficit of upgoing atmospheric muon neutrinos traversing the Earth was observed, compared to down-going ones, that was shown to be consistent with the hypothesis that upgoing muon neutrinos convert into tau neutrinos ( Figure  2 ). This discovery has fundamental implications for highenergy physics, astrophysics and cosmology. For example, neutrinos from the sun give us direct confirmation of the energy production mechanisms in stars (see the seminal works [24, 25] ).
The neutrino oscillation phenomenon occurs if neutrinos have non-zero masses and mixings. The possibility to have ν-ν oscillations was first pointed out by B. Pontecorvo in analogy with K 0 −K 0 mesons [26] . Neutrino oscillations require that the flavour ν α and the mass ν i basis are related by ν α = U 2 trix [27] . In the three-flavour framework the U matrix reads
with a possible parametrization given by [28] : 
The V matrix is analogous to the Cabibbo-KobayashiMaskawa matrix, in the quark sector, although the mixing angles are there measured to be small. The φ 1 , φ 2 are two extra phases that appear in case neutrinos are Majorana particles. Therefore the PMNS matrix depends on three mixing angles, two Majorana-type and one Diractype phases. (Here we will not discuss the Majorana phases, since they do not influence neutrino oscillations in vacuum and in matter.) If the Dirac-type phase is non-zero, the PMNS matrix is complex, introducing a difference between the neutrino oscillation probability, and the corresponding ones for antineutrinos, implying CP violation in the lepton sector (for a neutrino physics' overview, see the recent comprehensive book [29] ). Oscillations in vacuum is an interference phenomenon among the matter eigenstates, which is sensitive to their mass-squared differences and to the mixing angles. In the two-flavour framework, the oscillation appearance probability for relativistic neutrinos is given by
E being the neutrino energy, L the source-detector distance and ∆m
. While the oscillation amplitude depends on the mixing angle, the squared-mass differences determine the oscillation frequency 1 . In the last decade, reactor, accelerator and solar experiments have precisely measured the two mass-squared differences to be ∆m [28] . An indication for a nonzero third neutrino mixing angle has been found by the T2K [30] and the Double-Chooz collaborations [31] ; while RENO [32] and Daya-Bay have measured θ 13 to be sin 2 (2θ 13 ) = 0.092 ± 0.016(stat) ± 0.005(syst) [33] .
While the experimental progress is impressive, numerous features remain unrevealed. First, the mechanism that gives a mass to the neutrino is unknown. Depending on the neutrino nature, introducing a neutrino mass might require a right-handed neutrino singlet (that does not couple to the gauge bosons) or, for example, more complex mechanisms of the see-saw type(s) which need significant extensions of the Standard Model. There is the mass hierarchy problem. In fact, there are two ways to order the mass eigenstates since one of the ∆m 2 signs is unknown. The case ∆m 2 13 > 0 corresponds to the normal hierarchy, while ∆m 2 13 < 0 corresponds to the inverted. Tritium beta-decay experiments give information on the absolute mass scale. The current upper limit is of about 2 eV for the electron neutrino effective mass [28] . This will be significantly improved by the KATRIN experiment that has a discovery potential for a neutrino mass of 0.35 eV at 5 σ [34] . Moreover, key open issues are the existence of leptonic CP violation, of sterile neutrinos and the identification of the ν Dirac versus Majorana nature.
Interestingly, the ensemble of experimental data present a few anomalies that cannot be cast in the threeactive neutrino framework. The neutrino flux measurement from intense static 37 Ar and 51 Cr sources in the GALLEX and SAGE experiments present an anomalous deficit of electron neutrinos (the "Gallium anomaly"). A recent analysis finds a statistical significance at 3 σ [35] . The LSND collaboration has found evidence for oscillations at δm 2 = 1 eV 2 (for small mixing angles) using decay-at-rest muons [36] and decay-in-flight pions [37] . Most of the parameter regions identified by LSND have been excluded by the KARMEN experiment based on the same method [38] . The MiniBooNE experiment has been built to clarify the controversial LNSD results. However, at present, MiniBooNE anti-neutrino and neutrino oscillation data combined show an excess of events at 3.8 σ [39, 40] . Besides a recent re-evaluation of the electron anti-neutrino flux from reactors has shown a shift in the flux renormalization by 3 % compared to previous predictions. The re-analysis of all reactor experiments using this new flux has shown a 3 σ inconsistency with the standard oscillation framework (the "reactor anomaly") [41] . These unexplained features might point to new physics and require one or more sterile neutrinos, non-standard interactions or CPT violation. However, at present, none of the proposed explanations is capable of providing a comprehensive understanding.
Future experiments using man-controlled sources will address unknown neutrino properties and try to identify the possible explanations of the anomalies. Exploring the Dirac CP violating phase requires long-term accelerator measurements employing either established or novel techniques, such as super-beams, beta-beams [42] , neutrino factories (see e.g. [43, 44] ), or projects like the decay-atrest based DAEDALUS [45] . The upgrades of T2K and NOνA experiments can also investigate a small fraction of the δ values at 3 σ level [46] . Majorana-type phases and the neutrino nature can be determined by searches for the lepton-number violating neutrino-less double-beta decay. Earth matter effects in long-baseline experiments can be exploited to identify the hierarchy, as in e.g. [44] . Numerous projects are being conceived to test the hypothesis of the existence of sterile neutrinos based e.g. on the use of intense radioactive sources inside spherical detectors such as 144 Ce in Ref. [47] or 8 Li in Ref. [48] (see [49] for a review).
Astrophysical and cosmological observations offer complementary strategies in these fundamental searches. Cosmological data will reach an unprecedented sensitivity on the sum of the neutrino masses [50, 51] and maybe be sensitive to the hierarchy, although this information is indirect. Experiments measuring atmospheric neutrinos, like PINGU [52] in IceCube or ORCA [53] in ANTARES, might reach the required sensitivity to determine the mass hierarchy. If an (extra)galactic supernova explosion occurs, the time and energy signals of supernova neutrinos will have characteristic imprints from the mass ordering. This would be seen by a network of detectors, such as Super-Kamiokande, KamLAND [54] , Borexino [5] , or by dedicated supernova observatories like HALO [55] [56] [57] [58] and LVD [59] ; while some constitute the "SNEWS: SuperNova Early Warning System" aiming at alerting observers if a galactic supernova occurs [60] . About a thousand events can be collected if an explosion happens in our galaxy. Such phenomena are rare (1-3 expected events/century). On the other hand there is the yet unobserved diffuse supernova neutrino background due to supernova explosions at different cosmological redshifts. The sensitivity for its discovery could be reached with improved technologies [61] or with largesize detectors 2 like MEMPHYS or Hyper-K (440 or 770 kton water Cherenkov) and GLACIER (100 kton liquid Argon) [62] that would collect about 350 and 60 events over 10 years, respectively [63] . From the detection of the diffuse supernova background, key information could be extracted on the supernova dynamics, on the star formation rate and on unknown neutrino properties (for a review see [64, 65] ).
II. NEUTRINO FLAVOUR CONVERSION IN MEDIA : STATUS AND OPEN QUESTIONS
It is now established that the deficit of high energy solar neutrinos is due to the Mikheev-Smirnov-Wolfenstein (MSW) effect [66, 67] , a resonant conversion phenomenon occurring when neutrinos interact with the matter composing a medium. In two-flavours, the MSW resonance location is identified by the relation
with G F the Fermi coupling constant, n e the electron number density (see also the early works [68] [69] [70] , [29] or the recent review [10] ). At such a location, a conversion 4 from the electron to the muon (and tau) flavours can take place. Its efficiency (or adiabaticity) depends on the one hand on the mixing angles, on the mass-squared difference values and signs, and on the matter number density profile on the other (see Figure 3 ). In particular, the evolution is little sensitive to the profile details as far as its smooth enough that the adiabatic condition is met. Moreover, depending on the squared-mass difference sign, the MSW effect can occur in the electron neutrino or anti-neutrino channels. Since R. Davis' experiment, numerous solar experiments mainly sensitive to the electron flavour have precisely measured the solar neutrino flux. These experiments also had some sensitivity to the other flavours. Using elastic scattering, charged-and neutralcurrent neutrino interactions on heavy water, the SNO experiment has showed that the measurement of the total 8 B solar neutrino flux is consistent with the predictions of the standard solar model : solar electron neutrinos convert into the other active flavours. In particular, the muon and tau neutrino components of the solar flux has been measured at 5 σ [6] . Moreover the reactor experiment KamLAND has definitely identified the Large Mixing Angle (LMA) solution, by observing reactor electron anti-neutrino disappearance at an average distance of 200 km. The ensemble of these observations shows that averaged vacuum oscillations giving
(with θ 12 = 34 • ) account for the deficit of low energies (< 2 MeV) solar neutrinos; while the deficit of the high energy portion of the 8 B spectrum is due to the MSW effect. For the latter, the matter-dominated survival probability is
high density → sin 2 θ 12 ≈ 0.31 (7) for neutrinos above the critical energy of about 2 MeV Eq. (5) (see e.g. [10, 29] ). More recently, the Borexino experiment has measured the low energy portion of the solar neutrino spectrum (pep and 7 Be ν) [72] . Figure 4 shows the results from solar experiments [10] . Nowadays the MSW effect constitutes a reference mechanism in the study of neutrino flavour conversion in media.
Another interesting case is represented by neutrinos traversing the Earth. Its matter density profile undergoes a rapid change from the mantle to the core at higher density [73] . It was first pointed out in [74] and in [75] that atmospheric neutrinos traversing the Earth would change in flavour. Besides the MSW effect, another neutrino In the case of an adiabatic evolution the matter eigenstate νB does not mix with the νA at the resonance and stays on the higher branch up to the surface of the star. In this case an electron neutrino born as νB emerges as νB. This produces an electron neutrino deficit in a νe sensitive detector on Earth.
flavour conversion mechanism can occur, named "parametric resonance" [76] or "neutrino oscillation length resonance" [77] . This effect is an interference effect due to the mantle-core-mantle change in the Earth matter density profile, that can enhance the oscillation probabilities. For example, depending on the trajectory (or azimuthal angle) and energy, atmospheric neutrinos in the few GeV energy range can have an MSW resonant conversion in the core, or in the mantle and in the core. Neutrinos having core-crossing trajectories can also experience the parametric resonance. The MSW and parametric resonance effects have been investigated e.g. in [78] in the subdominant atmospheric ν e → ν µ in SuperKamiokande. An extended literature concerns matter effects in atmospheric neutrinos (see e.g. [79] and references therein).
A variety of novel flavour conversion mechanisms has been identified in stars with more than 6-8 solar masses -the O-Ne-Mg and iron core-collapse supernovae. Their evolution ends with an explosion where 99 % of the gravitational energy is released as neutrinos of all flavours, in the 100 MeV energy range, during a burst lasting about ten seconds. The explosion leaves either a neutron star or a black hole. Since the matter number density of these stars is very large, the MSW effect occurs at two different Various solar ⌫ e survival probability measurements compared to the LMA prediction for 8 B neutrino. Using the results from Section VI of this paper, the dashed line is the best fit LMA solution for 8 B neutrinos and the gray shaded band is the 1 uncertainty. The corresponding bands for ⌫ e s from the pp and 7 Be reactions (not shown) are almost identical in the region of those measurements. The blue shaded band is the result of the measurement the 8 B neutrino ⌫ e survival probability reported here. The red point is the result of the Borexino measurement [43] of the survival probability for ⌫ e s produced by 7 Be+e ! 7 Li+⌫ e reactions in the Sun. The blue point is the result of various measurements [41] of the survival probability for ⌫ e s produced by p + p ! 2 H + e + + ⌫ e reactions in the Sun; note that these measurements did not exclusively measure this reaction, so the contribution from other reactions were removed assuming the best fit LMA solution, and so actually depends on all solar neutrino results. The uncertainty in absolute flux of the subtracted reactions was included in the calculation of the total uncertainty of this point, but the uncertainty due to the neutrino oscillation probability of these reactions was not. The uncertainty due to the normalization of the two points by the expected flux was included. For clarity, this plot illustrates the LMA solution relative to only a subset of the solar neutrino experimental results.
A two-flavor neutrino oscillation analysis yielded m Be reactions (not shown) are almost identical in the region of those measurements. The blue shaded band is the result of the measurement the 8 B neutrino ⌫e survival probability reported here. The red point is the result of the Borexino measurement [43] of the survival probability for ⌫es produced by 7 Be+e ! 7 Li+⌫e reactions in the Sun. The blue point is the result of various measurements [41] of the survival probability for ⌫es produced by p + p ! 2 H + e + + ⌫e reactions in the Sun; note that these measurements did not exclusively measure this reaction, so the contribution from other reactions were removed assuming the best fit LMA solution, and so actually depends on all solar neutrino results. The uncertainty in absolute flux of the subtracted reactions was included in the calculation of the total uncertainty of this point, but the uncertainty due to the neutrino oscillation probability of these reactions was not. The uncertainty due to the normalization of the two points by the expected flux was included. For clarity, this plot illustrates the LMA solution relative to only a subset of the solar neutrino experimental results.
A two-flavor neutrino oscillation analysis yielded m . The three neutrino mixing angles are also now precisely determined. For typical supernova matter density profiles, the neutrino passage in the L-resonance region is adiabatic. On the other hand the neutrino flavour content after the H-resonance encodes interesting information on the mass hierarchy. Therefore matter effects on the supernova neutrino spectra can tell us about the hierarchy from signals of future explosions. However, theoretical investigations of the last 4 Note that there is also a third resonance named Vµτ , associated to the (θ 23 , ∆m 2 23 ) oscillation parameters. It occurs at higher density than the H-resonance. Since, in general, the Vµτ resonance has a small effect on observations, it will not be discussed further here. MSW effect in supernovae : Level crossing diagram for the neutrino mass eigenstates in a supernova for the case of normal mass hierarchy. The figure shows the matter eigenvalues evolution associated with the matter eigenstates ν1m, ν2m, ν3m, as a function of the electron number density ne. The two crossings correspond to the high-resonance (H) and the low-resonance (L) associated with the mixing parameters (θ13, ∆m ten years have shown that the situation is more complex than what shown in Figure 5 of Ref. [80] . This is because one is facing an explosive phenomenon with shock wave(s) and turbulence, with 10 58 MeV released as neutrinos.
Ref. [81] first pointed out that the shock wave passage in the MSW resonance region would leave an imprint on the time signal of the positrons emitted in inverse beta-decay, i.e.ν e + p → n + e + . This is the main detection channel in Cherenkov and scintillator detectors. Ref. [82] has emphasized the effects from the presence of not only a front but also a reverse shock, which are apparent in supernova simulations. The presence of shock waves engenders two important effects. First it makes the H-resonance temporarily non-adiabatic because of the steepness of the shock wave fronts (the adiabaticity depends on the derivative of the density profile). Second, multiple H-resonances appear, since a neutrino of a given energy can meet the resonance condition several times. For example, in presence of two resonances, the electron 6 neutrino survival probability reads [83] 
4E
)dx (8) with χ 1 and χ 2 the matter angles mixing the two matter eigenstates at the resonance locations x 1 and x 2 , and ∆m 2 the matter squared-mass difference. The interference term oscillates with the neutrino energy and the resonance locations. Since the shock wave is moving, it will change the resonance locations modifying the phase in such a term. This produces rapid oscillations in the survival probability for a neutrino of a given energy. The conditions for such oscillations termed "phase effects" are that the flavour evolution is semi-adiabatic at the resonances and that the matter eigenstates stay coherent at the resonances [83] .
Turbulence is another characteristic of these explosive environments. Its effects are studied e.g. in [84] [85] [86] . The presence of matter density fluctuations can introduce numerous locations where the resonance density is met. Their effect on flavour conversion is therefore of the same kind as of shock waves. In fact turbulence produces phase effects, averaging the neutrino oscillation probability between the adiabatic and non-adiabatic solution [87] (see also [88] , and [89] for a review). Still, extensive calculations remain to be done, where one implements matter density fluctuations extracted from multi-dimensional supernova simulations (instead of more schematic prescriptions). Clearly, to fully capture several flavour conversion features in media, that are interference effects, one has to evolve the neutrino amplitudes and not the neutrino probabilities. The latter procedure was often followed in the past, e. g. in predictions with the factorisation hypothesis where one factorizes the probabilities for flavour conversion at the H-and L-resonances.
The implementation of the neutral-current ν-ν interaction constitutes another important progress in simulations of flavour conversions in supernovae. Such contributions are small in the sun, whereas the large neutrino number density renders them important in these environments. Ref. [90] first pointed out that the neutrino selfinteraction would introduce a non-linear refractive index. The first numerical simulations showed the appearance of new phenomena [91] . Ref. [92] pointed out a significant impact on the r-process nucleosynthesis. Ref. [93] showed the important effects on the neutrino fluxes with phenomenological implications. This triggered intensive investigations (see [94] for a review). The inclusion of ν self-interaction makes predictions demanding since a system of coupled stiff non-linear equations needs to be solved. Three new conversion regimes near the neutrinosphere are identified. The first is the "synchronisation" where neutrino flavour conversion is frozen. The second regime consists in bipolar oscillations that can be understood as a "flavour" [95] or a "gyroscopic" pendulum [96] . In the last phase, full or no flavour conversion occurs depending on the neutrino energy. The underlying mechanism producing this abrupt change corresponds to an MSW-like behaviour in the co-moving frame [97] , which can be interpreted as a "magnetic resonance" phenomenon [98] . This mechanism produces sharp changes of the neutrino fluxes that appear around 200 km from the neutrino-sphere. The electron and muon (or tau) neutrino fluxes swap above a critical energy called the "split" energy. All these effects are also termed "collective" effects because many of their features can be captured by following the neutrino ensemble (instead of a neutrino at a time). These mechanisms explain the novel flavour modifications appearing in simulations with neutrino self-interactions. However the picture becomes more complex depending on the neutrino luminosity ratios at the neutrino-sphere 5 , on the neutrino properties and on the detailed implementation of the geometry of the neutrino emission. For example, large matter densities can decohere collective effects [99] . Recent calculations based on realistic matter density profiles from onedimensional supernova simulations show that indeed such effects might be suppressed during the accretion phase of the supernova explosion [100] . If so, the situation becomes simpler theoretically because the flavour change is only due to the MSW effect. Nevertheless further modifications can be present due to the shock waves and turbulence, depending on the considered phase of the explosion (neutronization burst, accretion, or cooling phase).
Impressive progress has been achieved in unravelling mechanisms and conditions for flavour conversion of core-collapse supernova neutrinos. Still, serious work is needed to come to a definite and comprehensive understanding and to establish the impact on observations. Current supernova simulations are based on a detailed treatment of the neutrino transport in the dense supernova region inside the neutrino-sphere. They typically account for a good angular, or energy neutrino distribution (but not both), and do not include mixings [101] . Such simulations provide the neutrino energy spectra and
Cartoon picture of neutrinos emitted at the neutrinosphere of a supernova and interacting with each other. The neutrino-sphere is taken to be a sharp sphere [102] .
fluxes at the neutrino-sphere that are the initial conditions for the flavour evolution studies. These then evolve the ν up to the star surface in order to predict the associated signals in observatories on Earth (in the case of an explosion). The evolution equations used are based on the mean-field approximation. This means that one neutrino (or anti-neutrino) is evolved at a time in a background of matter, of ν and ofν that acts on the "test" particle through a mean-field. It is still an open question if and under which conditions the present treatments describe in an appropriate way the transition between the region that is Boltzmann treated to the one that is mean-field described. In fact more realistic geometrical descriptions or extended equations implementing manybody corrections might be needed. Works along this line of research are just appearing. For example, Ref. [102] has pointed out the need for a more realistic geometrical description of the neutrino emission at the neutrino-sphere (Figure 6 ). Ref. [103] has derived corrections beyond the mean-field approximation using a coherent-state path integral approach. Ref. [104] has used the general manybody framework offered by the Bogoliubov-Born-GreenKirkwood-Yvon hierarchy to derive both the mean-field and extended mean-field equations. The latter introduce for the first time the abnormal mean-field corresponding to neutrino-antineutrino pairing correlations ( Figure  7) . So far neglected, these two-body correlations might impact flavour conversion and supernova observations.
The theoretical developments described above also apply to the study of the low energy neutrinos from the accretion disks surrounding black holes (AD-BH). In fact the conditions in the disks are very similar to the corecollapse supernova ones, so that such sites also offer conditions for example for r-process and νp element nucleosynthesis (see e.g. [105, 106] ). Refs. [92, 107] have studied e.g. the effect of the neutrino-neutrino interaction in these sites.
Finally, neutrino flavour conversion phenomena are also important in the Early Universe, in particular at the epoch of Big-bang nucleosynthesis. Their description is based on the resolution of a Boltzmann equation for particles with mixings since collisions need to be implemented, as well as neutrino mixings, the coupling to the relativistic plasma and neutrino self-interaction. Note that the importance of the neutrino self-interaction was first pointed out in this context. A key parameter for primordial nucleosynthesis (as for the r-process) is the proton-to-neutron ratio. This is determined by the electron neutrinos and anti-neutrinos interactions with protons and neutrons and by neutron decay. The build up of the light elements starts at about 1 s after the Bigbang when the plasma temperature is around 1 MeV. The final primordial abundances are very sensitive to neutrino properties (see [108, 109] for a review). Just to give an example, cosmological observations from primordial nucleosynthesis and the matter power spectrum are compatible with about one sterile neutrino (see e.g. [110] ). The PLANCK experiment has recently measured N ef f = 3.36±0.66 at 95%C.L. (CMB alone) for the effective number of neutrino species [111] . The direct observation of the cosmological neutrino background remains a challenge. Its detection demands novel approaches since such νs are very cold. Attempts are still off from the required sensitivity by several order of magnitudes. The approach which appears as the "closest" is the detection of cosmological neutrinos through their capture by radioactive nuclei, a process without threshold. First proposed by Weinberg [112] , this idea has been applied in realistic extensive calculations in [113] (see also Ref. [114] ).
III. OPEN ISSUES AND ASTROPHYSICAL ν
One of the crucial open issues is the possible breaking of CP invariance. The recent precise measurement of the third neutrino mixing angle by the RENO [32] and the Daya-Bay collaborations [33] brings a much awaited result for CP searches. In fact CP violation from a nonzero Dirac phase affects oscillations only in the case of three families. The discovery of leptonic CP violation and of neutrino-less double-beta decay would give important clues for the understanding of matter-antimatter asymmetry in the universe (see e.g. [115] ). An interest-
The (low energy) neutrino-antineutrino interaction (left figure) and the associated pairing mean-field (right figure) obtained by summing over the background particles states. These contributions appear in an extended mean-field description that goes beyond the usual mean-field assumption made in the simulations of flavour conversion in core-collapse supernovae [104] .
ing related question to explore is the possibility to have indirect manifestations of a non-zero Dirac-type phase in astrophysical environments. The authors of Ref. [116] have first investigated this question in the solar neutrino context showing that there are no CP violating effects in the ν e survival probability in matter to the leading order in electroweak interaction. Effects from next-to-leading order are estimated to be extremely small. Ref. [117] has first pointed out possible effects in core-collapse supernovae coming to the conclusion that there are no CP violation effects in such environments. Ref. [118] has come to a result at variance with Ref. [117] demonstrating that there can be CP violating effects in supernovae. By using general arguments, the factorisation condition
is obtained 6 with S = diag(1, 1, e iδ ). This relation gives a procedure to identify under which conditions such effects can arise : contributions to the neutrino Hamiltonian that break the factorization condition engender CP violating effects. For example, these arise because of radiative corrections in the Standard Model, or of non-standard interactions like flavour-changing interactions that differentiate muon from tau neutrino interactions with matter. This finding has been subsequently independently confirmed by Ref. [119] . A quantitative evaluation of the modifications introduced by a non-zero Dirac phase shows variations at the level of a few percent both of the supernova signal in an observatory on Earth or of the neutron-to-proton ratio relevant for rprocess nucleosynthesis [118] . An improved numerical simulation with the neutrino self-interaction has shown that the non-linearity of the equations amplifies the CP violating effects from radiative corrections by several order of magnitudes [120] . While flux modifications are still at the level of about 5-10 %, future improvements of the simulations might introduce further amplification of such effects. Ref. [121] has studied the size of CP violating effects in presence of non-zero neutrino magnetic moments, reaching the same conclusions as previous works [118, 120] concerning the size of CP effects. In the Early universe context Ref. [122] has performed the first investigation of the effects of a non-zero Dirac-type phase on the primordial light elements abundances. Within threeactive neutrinos it is shown that the phase modifies the primordial Helium-4 abundance at most by 1%, which is within current systematic uncertainties.
The detection of neutrinos from a future (extra)galactic explosion constitutes one of the strategies to identify the mass hierarchy. Available studies are roughly of three types. The first kind exploits Earth matter effects of supernova neutrinos that traverse the Earth be-fore being detected [80] . This produces a modulation of the neutrino events distribution that gives peaks in the distribution Fourier transform [123] . However such effects are very small making this option hardly feasible [124] . A second option consists in exploiting the early time signal of the supernova explosion either from the neutronization burst [125] or from the accretion phase. In Ref. [126] the signal of the first 200 ms (accretion phase) of the explosion is investigated. This time window has the advantage of being simpler than the late explosion stages since the signal is not affected by the neutrino-selfinteraction, the shock-waves (and turbulence). The authors show that in IceCube one could distinguish the normal from the inverted hierarchy. The third type of studies look for effects in the time signal due to the shock waves since their presence depends on the hierarchy [82, 127] . Early works show features without the ν − ν interaction. This improvement is performed in Ref. [128] . The calculation treats neutrino self-interactions and shock-wave effects in a consistent way, using realistic supernova density profiles and propagating neutrino amplitudes (phase effects are properly taken into account). Figure 8 shows the results for the positron time signal associated with inverse beta-decay in water Cherenkov and scintillator detectors. At early times, when the shock wave has not yet reached the MSW resonance region, the neutrino conversion is expected to be adiabatic. As the shock wave reaches this region, the flux becomes the non-adiabatic one, producing either a dip or a bump, depending on the neutrino energy. For electron anti-neutrinos, the resonance condition is met for inverted hierarchy. If the hierarchy is normal, no resonant conversion occurs and the positron time signal presents an exponential behaviour. Such a signature could already be seen in SuperKamiokande if a galactic supernova happens tomorrow, and be distinguished by the exponential at 3.5 σ (1 σ) for the bump (dip). Note that this signature holds in the electron neutrino channel as well, if the mass hierarchy is normal. This could be seen in a liquid argon detector mainly sensitive to ν e or in water Cherenkov and in scintillator detectors through scattering on oxygen and carbon respectively.
Complementary information would be obtained by the observation of (extra)galactic supernova explosion(s) and the detection of the diffuse supernova neutrino background. While some of the uncertainties are still large, one can pin down interesting information by combining data from different detectors. Having different technologies sensitive to ν andν with various energy thresholds is a key aspect to be sensitive to different parts of the neu-
One-and two-neutron emission event rates for a supernova at 10 kpc in the HALO phase-II detector (1 kton of 208 Pb). The different curves take into account the uncertainties in the supernova muon (tau) neutrino fluxes at the neutrino-sphere as well as the possible hierarchy (θ13 is now measured) [58] .
trino spectra. Figure 9 shows the example of the interest of having one-and two-neutron detection channels in a lead-based detector like HALO [58] . Note that a software -SNOwGLoBES -is now available to compute interaction rates for supernova neutrinos in common detector materials [129, 130] .
Observations using the ν e detection channel would benefit from precise measurements of neutrino-nucleus scattering. Only for deuteron the cross section is known at the level of few percent, while for heavier nuclei uncertainties are typically at the level of few tens of percent. In the future, facilities producing neutrinos in the 100 MeV energy range such as low energy beta-beams [131] or spallation sources [132] , could offer a unique opportunity to precisely measure such cross sections and also realise fundamental interaction studies, like measurements of the Weinberg angle at low momentum transfer, a test of the Conserved-Vector-Current hypothesis (see [43] for a review), or of the hypothesis of the existence of sterile neutrinos [48] . Note that improving the knowledge of the isospin and spin-isospin nuclear response involved in neutrino-nucleus interactions is of importance also for searches on the neutrino nature, since this constitutes a key ingredient of neutrino-less double-beta decay predictions [133] .
Observing a supernova luminosity curve is of great as-trophysical value besides being of interest for the fundamental particle or interaction properties it encodes. In fact, the ν time signal closely follows the different phases of the explosion, from the collapse to the accretion phase and to the cooling of the remaining proto-neutron star. This measurement would provide key information for the longstanding open problem of the explosion mechanism of iron-core supernovae. Currently, 2-and 3-dimensional simulations are being developed that realistically include the neutrino transport, convection and hydrodynamical instabilities (the Standing-Accretion-Shock o SASI mode). Several groups are obtaining successful explosions for different progenitor masses, while reaching a consensus on the mechanism requires further studies (see e.g. [101, 134, 135] ). Using 3D models based on a simplified neutrino transport scheme, Ref. [136] has showed for example that the SASI mode could be tracked in IceCube for a supernova within 2 kpc. These massive stars are also candidate sites for the r-process, whose identification is still an open issue; while several sites might contribute, such as the accretion disks around black holes [31] . The impact of neutrino properties on the r-process is the object of numerous studies. For example Ref. [137] points out the possible role of sterile neutrinos in getting a successful nucleosynthesis in supernovae. An intriguing question is also the possible impact of flavour conversion on the explosion itself. MSW effects occur in the outer star layers and have no impact on the shock. The collective effects from the neutrino-neutrino interaction take place deep in the star and might have an impact. The first investigations seem to indicate that they are still far out to affect the shock waves [138] , although it might still be too early to draw conclusions.
A new window on the universe is opened by highenergy neutrino telescopes like ANTARES, the first undersea in the Mediterranean [139] , and IceCube, buried in deep ice at the South Pole [140] . The main mission is to search for galactic and extra-galactic sources of high-energy neutrinos to elucidate the source of cosmic rays and the astrophysical mechanisms that produce them. These telescopes also investigate neutrino oscillations, dark matter and supernova neutrinos (for IceCube). At present, the IceCube collected data on ultrahigh-energy neutrinos (above 10 19 eV) from active galactic nuclei (AGN) and gamma-ray-bursts (GRB) show no significant deviation from background in the number of observed events, although uncertainties in the models are still quite large. Interestingly two 1 PeV events at threshold of GZK searches have been recently identified with a significance of 2.8 σ of not being a background [140] . A follow-up analysis of contained vertex event search has just found 26 more events at lower energy (3.6 σ). There is now evidence for a high-energy neutrino component inconsistent at 4.3 σ with standard atmospheric backgrounds [141] . A future larger data set with increased statistical significance might confirm the discovery of high energy astrophysical neutrinos.
High-energy neutrino telescopes are currently also providing data on neutrino oscillations measuring atmospheric neutrinos, commonly a background for astrophysical neutrino searches. Using low energy samples, both ANTARES [142] and IceCube/DeepCore [143] have measured the parameters θ 23 and ∆m 2 23 in good agreement with existing data. Crucial information can be extracted from such telescopes in the future from low energy (below 40 GeV) atmospheric neutrinos. Predictions show that from the measurement of flavour conversion effects in the Earth in IceCube/DeepCore can provide a precise measurement of oscillation parameters (see e.g. [144, 145] ). PINGU, IceCube extension in the 10 GeV energy range, could measure the mass hierarchy and be sensitive to the Dirac phase [146] . Feasibility studies are currently ongoing both for PINGU and for ORCA to establish if the energy and angular resolution required for the mass hierarchy search can be achieved. Information on the phase could also be extracted by a precise measurement of highenergy neutrino flux ratios [147] [148] [149] . Ref. [149] gets a 2 σ coverage of about 10 % of the CP values, if uncertainties on the flux ratios are kept below 7 %. As for a fourth sterile neutrino, its existence might lead to a distortion of the zenith angle distribution of high-energy atmospheric neutrinos through the MSW active-sterile resonance inside the Earth. An analysis of data from Amanda and (incomplete) IceCube as well as the prospects for the completed IceCube give limits that for some of the sterile oscillation parameters are stronger than all combined experiments [150] . Ref. [151] shows that low energy events in DeepCore can substantially constrain the mixing of sterile neutrinos in the eV mass scale. The effect found is different for normal or inverted hierarchy of active neutrinos, so that if such ν s s exist the hierarchy can also be identified. Finally both terrestrial experiments and neutrino telescopes [152] set tight limits on Lorentz and CPT violation. A constraint also comes from the SN1987A from the nearly simultaneous arrival of the photons and the neutrinos [153] . Interestingly, models based on Lorentz and CPT violation are developed to interpret oscillation data from all experiments (see [154] and the nice summary in Ref. [155] ).
In conclusion, neutrinos are messengers having a wide energy range, capable of covering cosmological distances and telling us about quiet and violent phenomena. Neutrino physics is a domain rich of interdisciplinary aspects and approaches. The measurement of these elusive particles requires inventive detectors of huge sizes.
Sometimes slow on a man-scale, the progress continues steadily, while the last decade has been rich of exciting observations. Neutrinos have brought milestones in our understanding of fundamental issues in high-energy physics and astrophysics, and will likely bring more in the future.
